The Fe protein is indispensable for nitrogenase catalysis and biosynthesis. However, its function in iron-molybdenum cofactor (FeMoco) biosynthesis has not been clearly defined. Here we show that the Fe protein can act as a Mo͞homocitrate insertase that mobilizes Mo͞homocitrate for the maturation of FeMoco precursor on NifEN. Further, we establish that Mo͞homocitrate mobilization by the Fe protein likely involves hydrolysis of MgATP and proteinprotein interaction between the Fe protein and NifEN. Our findings not only clarify the role of the Fe protein in FeMoco assembly and assign another function to this multitask enzyme but also provide useful insights into a mechanism of metal trafficking required for the assembly of complex metalloproteins such as nitrogenase.
biosynthesis N itrogenase catalyzes the nucleotide-dependent reduction of dinitrogen to ammonia, a key step in the global biological nitrogen cycle. The best studied Mo-nitrogenase consists of two components, the Fe protein and the MoFe protein (for recent reviews, see refs. [1] [2] [3] [4] [5] [6] [7] [8] . The homodimeric Fe protein (encoded by nifH) contains two nucleotide binding sites (one per subunit) and a single [4Fe-4S] cluster at the dimer interface. The ␣ 2 ␤ 2 -heterotetrameric MoFe protein (encoded by nifD and nifK) contains two sets of unique metal clusters: the P cluster ([8Fe-7S]) (9) , which is bridged between each ␣␤ subunit pair, and FeMoco ([Mo-7Fe-9S-X-homocitrate]) ¶ (10) , which is located within each ␣-subunit.
The Fe protein plays an essential role in nitrogenase catalysis, serving as the obligate electron donor to the MoFe protein. It is believed that, concomitant with ATP hydrolysis by the Fe protein, electrons are transferred sequentially from the [4Fe-4S] cluster in the Fe protein through the P cluster in the MoFe protein to FeMoco, where substrate reduction takes place. In addition to its catalytic capacity, the Fe protein is also indispensable for the assembly of the complex clusters in the MoFe protein (11) . Deletion of the Fe protein-encoding nifH gene results in the formation of a MoFe protein with disrupted P clusters or precursor fragments comprising [4Fe-4S]-like clusters, indicating that the Fe protein may facilitate the fusion of these fragments into a fully assembled [8Fe-7S] P cluster (12) (13) (14) . Meanwhile, maturation of a NifEN-bound, Mo-free FeMoco precursor into a fully assembled FeMoco requires the presence of Fe protein and MgATP, suggesting that Fe protein may assist FeMoco maturation in a process that involves concurrent MgATP hydrolysis (15) . These discoveries are exciting not only because they offer insights into the biosynthetic mechanism of the P cluster and FeMoco but also because they provide evidence that the Fe protein is a multitask component of nitrogenase, participating in catalysis as well as assembly of this important enzyme.
A potential role for the Fe protein in Mo mobilization during FeMoco assembly has been suggested (11, 16, 17) ; however, the exact function of Fe protein in this process could not be established. Consistent with a role for the Fe protein in Mo sequestration, the first published x-ray structure of the Fe protein of Azotobacter vinelandii contained bound molybdate (18) , and it has been reported that radioactively labeled Mo 99 can accumulate on the Fe protein (19) . Recently we developed a ''FeMoco maturation assay'' in which a Mo-free FeMoco precursor could be converted to a fully assembled FeMoco (15) . Based on this assay, we designed a strategy to further investigate the function of Fe protein in FeMoco maturation. Our results show that, in an ATP-dependent process, Fe protein serves as a Mo͞homocitrate insertase that delivers and inserts Mo͞ homocitrate into the Mo-free FeMoco precursor. Our findings not only assign a definitive function to the Fe protein in the assembly of FeMoco but also provide initial insights into the process of heterometal incorporation.
Results and Discussion
Recently, we have shown that NifEN contains a Mo-free FeMoco precursor (15, 17) , which can reconstitute and activate the FeMoco-deficient ⌬nifB MoFe protein in a so-called ''FeMoco maturation assay'' (15) . Such an assay contains the following: (i) NifEN, the source of FeMoco precursor; (ii) Mo and homocitrate, the missing components from the precursor; (iii) the Fe protein and MgATP, factors facilitating FeMoco maturation in an unknown fashion; and (iv) ⌬nifB MoFe protein, the receptor for FeMoco. Based on this assay, we developed a strategy to ''uncouple'' the original FeMoco maturation assay into several individual steps, allowing further determination of the sequence of events during FeMoco maturation and the roles of particular components in this process. Such a strategy includes the following steps: first, NifEN is incubated with molybdate, homocitrate, Fe protein, and MgATP; then, His-tagged NifEN is repurified from the mixture by affinity chromatography and the nontagged wild-type Fe protein is repurified from the flow-through of the affinity column; and finally, repurified components are tested for their capacities to reconstitute and activate the FeMoco-deficient ⌬nifB MoFe protein. Analysis of repurified NifEN (designated NifEN complete ), therefore, enables the determination of the extent of maturation of the NifENbound precursor. Based on the study of NifEN complete , we have established that Mo and homocitrate are incorporated into the precursor while it is bound to NifEN (20 (Fig. 1A) . These observations indicate that Fe pro- (Fig. 2, spectrum 1) , which is absent in the case of Fe protein minus Mo/homocitrate (Fig. 2,  spectrum 3) or Fe protein minus Mo (Fig. 2, spectrum 4) , indicating a potential association of Mo binding with this signal. It needs to be noted that Fe protein minus homocitrate shows the same signal as Fe protein complete (Fig. 2, spectrum 2 (Fig. 2, spectrum 1, Inset) reveals that it is practically identical in line shape to the EPR signal of NifEN complete in the same region of the spectrum that likely arises from a minor portion of processed Mo contained within NifEN complete (20) . This observation suggests that a similar processed Mo species is present on the Fe protein, providing further evidence of a function of the Fe protein in delivering Mo and homocitrate to NifEN for FeMoco assembly.
Mo K-edge x-ray absorption studies of Fe protein complete and Fe protein minus homocitrate show that the Mo associated with the Fe protein is modified from the free molybdate (MoO 4 2Ϫ ) added to the assay mixture (Fig. 3) . The edge position of Fe protein complete is shifted to lower energy from that of molybdate by Ϸ2.3 eV (1 eV ϭ 1.602 ϫ 10 Ϫ19 J), and the intensity of the sharp preedge transition at Ϸ20,010 eV, which is a characteristic feature of the MoAO bonding found in molybdate (21, 22) , is diminished (Fig. 3) . Proteins involved in prokaryotic Mo homeostasis and transport use a hydrogen-bonding network to bind tetrahedral anionic molybdate (23) . X-ray absorption spectroscopy studies of these proteins have shown that the Mo K-edge spectrum of protein-bound molybdate is unchanged from that of free molybdate (24) . Thus, the observed differences in the edge spectrum of Fe protein complete relative to that of molybdate indicate that the Mo associated with the Fe protein is no longer in a MoO 4 2Ϫ environment (Fig. 3) . The spectrum of Fe protein complete is consistent with a decreased number of MoAO bonds (2-3 instead of the 4 found in molybdate) as well as a reduction in the effective oxidation state of Mo due to either a change in the formal oxidation state of Mo or to a change in ligation (25) . The spectrum of Fe protein minus homocitrate is very similar to that of Fe protein complete (Fig. 3) (Fig. 4B) , which show that the ''exposed'' [4Fe-4S] 1ϩ cluster of the Fe protein in the MgATP conformation (Fig. 4B, curve 1) is ''protected'' by the presence of NifEN (Fig. 4B, curve 2) , resulting in a significant decrease of in the chelation rate constant from 0.016 to 0.009 s Ϫ1 . A similar effect, albeit to a more dramatic extent, is observed when Fe protein is incubated with the MoFe protein and MgATP (Fig.  4B, curve 3) , in which case a chelation rate constant of 0.002 s Ϫ1 is measured. The different levels of protection provided by NifEN and MoFe protein suggest that the Fe protein interacts with these two proteins differently, which is not surprising given that NifEN is not a perfect MoFe protein homolog (26) and that different reactions are taking place during these interactions.
The interaction between the protein mobilizing the heterometal and the particular scaffold protein carrying the precursor may also direct the insertion of the appropriate heterometal into the cofactors of other nitrogenases. ¶ For example, the incorpo- ¶ Four classes of nitrogenases have been described. They are the Mo-nitrogenase (the best studied among all four classes), the V-nitrogenase, the Fe-only nitrogenase, and the nitrogenase from Streptomyces thermoautotrophicus. The major distinctive feature of the first three classes of nitrogenases, which are otherwise very similar, is the heterometal atom in the active site of metal cluster (Mo, V, or Fe, respectively). The fourth nitrogenase is superoxide-dependent and apparently different from the other nitrogenase classes (27) . Fig. 3 . Normalized Mo K-edge x-ray absorption spectra, with inset smoothed second derivatives, of Fe protein complete (blue), Fe protein minus homocitrate (red), and molybdate (dotted black). All samples were prepared as described in Materials and Methods. ration of V into the FeVco of V-nitrogenase likely requires the Fe protein homologue, VnfH, and the NifEN homologue, VnfEN; whereas in the case of the FeFeco of Fe-only nitrogenase, in which no heterometal insertion is necessary, no specific scaffold protein has been identified (11) . Additionally, nucleotide-dependent metal insertion is well documented for the molybdopterin-containing enzymes, certain carbon monoxide dehydrogenases, and some hydrogenases (28) (29) (30) Fig. 5 , which is published as supporting information on the PNAS web site). Our findings not only clarify the role of the Fe protein in FeMoco assembly and assign another function to this multitask enzyme, but also provide useful insights into a mechanism of metal trafficking required for the assembly of complex metalloproteins like nitrogenase. Future investigations involve studies of focus on the nature of the protein-protein interactions between the Fe protein and the NifEN complex, which will hopefully lead to the elucidation of a more definitive mechanism of Mo͞homocitrate insertion by the Fe protein.
Materials and Methods
Unless otherwise noted, all chemicals and reagents were obtained from Fisher, Aldrich, or Sigma.
Cell Growth and Protein Purification. All A. vinelandii strains were grown in 180-liter batches in a 200-liter New Brunswick Scientific fermentor on Burke's minimal medium supplemented with 2 mM ammonium acetate. The growth rate was measured by cell density at 436 nm by using a 20 Genesys Spectrophotometer (Spectronic, Westbury, NY). After ammonia consumption, the cells were derepressed for 3 h followed by harvesting by using a flow-through centrifugal harvester (Cepa, Lahr͞Schwarzwald, Germany). The cell paste was washed with 50 mM Tris⅐HCl (pH 8.0). Published methods were used for the purification of all Fe proteins (31), wild-type MoFe protein (32), His-tagged ⌬nifB MoFe protein (12) , His-tagged NifEN, and His-tagged ⌬nifB NifEN (15). EPR Spectroscopy. All EPR samples were prepared in a Vacuum Atmospheres (Hawthorne, CA) dry box with an oxygen level of Ͻ4 ppm. All dithionite-reduced samples were in 25 mM Tris⅐HCl (pH 8.0), 10% glycerol, and 2 mM Na 2 S 2 O 4 . Indigo disulfonate -oxidized samples were prepared as described (31) . Samples were either used as they were or they were concentrated in a Centricon-30 (Amicon) in anaerobic centrifuge tubes outside of the dry box. All EPR spectra were recorded by using a ESP 300 E z spectrophotometer (Bruker, Billerica, MA) and interfaced with an ESR-9002 liquid helium continuous flow cryostat (Oxford Instruments, Oxon, U.K.). All spectra were recorded at 13 K by using a microwave power of 50 mW, a gain of 5 ϫ 10 4 , a modulation frequency of 100 kHz, and a modulation amplitude of 5 G. A microwave frequency of 9.43 GHz was used to record 10 scans for each sample.
X-Ray Absorption Spectroscopy. All Fe protein x-ray absorption spectroscopy samples were prepared in a Vacuum Atmospheres dry box with an oxygen level of Ͻ4 ppm. Samples of Fe protein complete (5.2 mg͞ml, Ϸ0.2 mM Mo) and Fe protein minus homocitrate (4.6 mg͞ml, Ϸ0.2 mM Mo) in 25 mM Tris⅐HCl (pH 8.0), 500 mM NaCl, 2 mM Na 2 S 2 O 4 , and 33% glycerol were loaded into 250-l, 15-mm pathlength nylon cells and flash-frozen in a pentane͞ liquid N 2 slush. Sodium molybdate, 8 mM in 33% glycerol͞water, was measured in a similar nylon cell. X-ray absorption spectroscopy data were measured at the Stanford Synchrotron Radiation Laboratory under 3 GeV, 80-100 mA beam conditions by using focused beamline 9-3 with a Si (220) double-crystal monochromator. The samples were maintained at 10 K during data collection in an Oxford Instruments CF1208 continuous-flow liquid He cryostat. Data were collected as Mo K␣ fluorescence by using a Canberra 30-element solid-state Ge detector. Radiation from elastic͞inelastic scattering and K␤ fluorescence were minimized at the detector by Soller slits with a Zr filter between the cryostat and the detector. The x-ray energy was calibrated to the inflection point at 20,003.9 eV of a standard Mo foil measured concurrent with the samples. Changes in the edge position over time, which would indicate photoreduction of an oxidized metal site, were not observed for any sample. Using the program XFIT (33) , a background polynomial absorption curve was subtracted from data over the range 19,690-20,410 eV, and the resulting spectra were normalized to have an edge-jump of 1.0 at 20,025 eV. (15) , and determined for enzymatic activities as described (32, 35, 36) . The reaction products H 2 and C 2 H 4 were analyzed as published elsewhere (32), whereas ammonium was determined by using a high performance liquid chromatography fluorescence method (37) . Homocitrate lactone (Sigma) containing an mixture of the stereochemical configurations R (Ϸ95%) and S (Ϸ5%) was converted to the free acid as described elsewhere (15) .
Preparation of Fe Protein'. As described elsewhere (20) , maturation of FeMoco on NifEN was monitored by incubating FeMoco precursor-bound NifEN with modified FeMoco maturation assays, repurifying His-tagged NifEN by affinity chromatography (categorically designated NifENЈ), and determining the activities of NifENЈ subsequently. Here, the Fe proteins of the same incubation assays were repurified from the flow-through of the affinity columns and analyzed for activities (below). Such repurified Fe proteins are categorically designated Fe protein', and different superscripts are used to indicate different maturation assay compositions as follows. (i) Fe protein complete , the assay contained, in a 50-ml total volume, 25 mM Tris⅐HCl (pH 8.0), 2 mM Na 2 S 2 O 4 , 100 mg of FeMoco precursor containing NifEN, 120 mg of wild-type Fe protein, 0.4 mM homocitrate, 0.4 mM sodium molybdate, 2.4 mM ATP, 4.8 mM MgCl 2 , 30 mM creatine phosphate, and 24 units͞ml of creatine phosphokinase. This mixture was stirred for 1 h at 30°C, and then the Fe protein was repurified as described (15) . Note that Fe protein, MgATP, molybdate, and homocitrate were in excess to NifEN in terms of molar ratios so that the Fe protein was still ''loaded'' with other components of the FeMoco maturation assay.
(ii) Fe protein ⌬nifB NifEN assay was a control assay with the same conditions as i except that NifEN was replaced by precursor-free ⌬nifB NifEN (15 
